A goal of evolutionary developmental biology is to understand the genetic changes, and subsequent changes in developmental programs, which underlie body plan evolution. In PNAS, Guerreiro et al. (1) characterize genetic variation that likely contributes to the homogenization of the vertebral column in snakes. The authors identify a polymorphism in the regulatory region of the Myogenic factor 5 (Myf5) gene, which in turn indirectly regulates rib growth. Guerreiro et al. elegantly show that the snake-specific variation in the Myf5 enhancer blocks interaction with a rib-repressing Hox protein, but preserves interaction with a second, rib-promoting Hox protein. This variation is expected to permit "lumbar"-level ribs, which are blocked in most tetrapods, to develop in snakes.
Most terrestrial vertebrates possess distinct vertebral types, including cervical, thoracic, lumbar, sacral, and caudal. The serpentine body plan instead features a homogenized vertebral column in which most segments have similar, rib-bearing morphology at the expense of ribless cervical and lumbar regions. This is usually accompanied by body axis elongation and limb reduction or loss. The serpentine body plan has evolved repeatedly in tetrapods, including in the ancestors of modern snakes (2) .
The mechanisms of serpentine body plan evolution are debated (2, 3) . From a molecular genetic standpoint, changes in Hoxregulated developmental programs are good candidates. Hox proteins have global effects on body pattern, including vertebral identity and limb positioning and development.
Hox transcription factors regulate tissue fates along the head-to-tail axis in most animals. They are expressed in restricted and overlapping regions in embryos, and the combination of Hox proteins present in a given region or segment (the "Hox code") is thought to regulate its identity and subsequent morphological development (4) . For example, in vertebral precursors, combinations of Hox5-9 generally confer thoracic identities, while Hox10 expression confers lumbar identities. Cross-species variation in the complement of vertebral types correlates with transposition of Hox expression patterns along the body axis, suggesting that the morphological interpretations of vertebrate Hox codes are largely evolutionarily conserved (5, 6) .
Indeed, homogenization of the snake vertebral column is associated with expansion of a "thoracic"-like pattern of Hox6 and Hox8 coexpression in most vertebral precursors of pythons (7) and corn snakes (8) . However, snakes retain some staggered Hox expression boundaries shared with other tetrapods (8, 9) . Notably, Hox paralogue group 10 (Hox10) genes are expressed in precursors of posterior rib-bearing vertebrae. This finding is seemingly incompatible with rib growth because Hox10 activity is necessary and sufficient to repress ribs in mice (10, 11) .
Guerreiro et al.
(1) consider two possibilities to explain the situation in snakes. The first is a snake-specific change in Hox10 function. Changes in Hox protein functions contribute to morphological evolution in other contexts (for example, see refs. 12-15). However, misexpression of snake Hoxa10 in the precursors of mouse vertebrae efficiently represses ribs, indicating that it retains similar activity to Hoxa10 in other tetrapods.
A second possibility is that interpretation of the Hox code is altered in snakes, namely through cis-regulatory variation in Hox target genes. There are few cases in which specific cis-regulatory changes have been pinpointed (16, reviewed in ref. 17) , at least in part because there are few well-characterized enhancers of Hox target genes. In this case, the authors had previously identified Myf5 as a target of Hox6 and Hox10 in the context of mouse vertebral patterning (18) (Fig. 1 ). Myf5 encodes a transcription factor that specifies and is expressed in skeletal muscle precursors, including a population termed hypaxial myotome, the derivatives of which include the intercostal musculature. Various lines of evidence show that interaction between hypaxial myotome and vertebral cartilage precursors (found in an adjoining tissue compartment, sclerotome) is necessary for proper rib development (19) .
In mice, both Hoxb6 and Hoxa10 bind directly to a module of the Myf5 enhancer that drives Myf5 expression in hypaxial myotome and contains overlapping Hox and Pax binding sites (18) (Fig. 1) .
(1) survey many vertebrates and find a single nucleotide change shared among snakes that is predicted to disrupt Hox binding to the Myf5 enhancer. Indeed, this polymorphism largely prevents Hoxa10 and Hoxb6 (but not Pax3) binding in vitro. A reporter transgene shows that the snake polymorphism leads to thoracic-like hypaxial myotome expression of Myf5 in mouse lumbar segments, consistent with loss of Hox10 regulation.
These findings can explain why Hoxa10 does not repress ribs in snakes, despite its expression in rib-bearing segments. However, the results seem inconsistent with a predicted requirement for Hoxb6 to bind the same site in the Myf5 enhancer to promote rib development. Interestingly, gel-shift assays show that Hoxb6 does bind the snake Myf5 enhancer indirectly, as part of a complex with Pax3. In contrast, Pax3 and Hoxb6 can bind the mouse Myf5 enhancer either independently or as a complex. Surprisingly, even in mice Hoxb6 can act independently of DNA binding in vivo: misexpression of a mouse Hoxb6 mutated to prevent direct DNA binding can still promote rib growth. Although the degree to which DNA binding-dependent vs. -independent mechanisms operate in mouse is unknown, this finding suggests a conserved, unique, and previously unsuspected mechanism of action. In contrast, Hoxa10 requires DNA-binding activity to interact with the Myf5 enhancer, and it does not bind as a complex with Pax3. The mechanism of Myf5 regulation in this context is somewhat complicated by possible variation in the timing with which Hox and Pax proteins regulate the enhancer, and involvement of other transcription factors, (18) .
Taken together, these results show that a cis-regulatory polymorphism in snake Myf5 allows for differential interaction with Hox proteins that bind at the same site, via different mechanisms and that are associated with opposite morphological outcomes (Fig. 1) . Future experiments can test whether this variation is sufficient to permit rib growth in Hox10-expressing segments, which is strongly predicted by the fact that in mice hypaxial Myf expression is sufficient for rib growth in the presence of Hox10 proteins (18) . Furthermore, this work revealed a unique and unexpected mechanism shared in snakes and mice: that Hoxb6 can function independent of direct DNA binding.
Future work can also address additional genetic changes that regulate serpentine body patterning, in other regions of the body axis and in other serpentine tetrapods. This body plan has convergently evolved many times, and an understanding of mechanisms bears on questions about how developmental patterning networks influence the evolvability of traits (21) . Interestingly, the authors find an identical polymorphism in the Myf5 enhancer of afrotherian mammals. Many of these animals have elongated rib cages as well, suggesting that an identical genetic change contributes to these two convergently evolved cases. At the same time, the results point toward multiple molecular genetic routes to a serpentine body plan. Diverse squamates (and other vertebrates), in which serpentine body plans have evolved repeatedly (2), do not share this Myf5 polymorphism, indicating that even within a single order of vertebrates there are likely to be multiple mechanisms.
Despite remarkable conservation of Hoxmediated patterning programs across animals, it is also clear that variation in Hox programs underlies many cases of morphological evolution. Variation is expected to occur at many levels, including changes in function or expression of Hox proteins, their cofactors, and their transcriptional targets (17) . In this case, one part of the modular Myf5 enhancer is varied, altering Hox interactions. This variation is associated with a specific (if dramatic) morphological change, but would not be expected to alter other, presumably conserved, roles of Hoxa10, Hoxb6, and Myf5. It has been hypothesized that for pleiotropic developmental regulators such as these, modular cis-regulatory changes may be more common than coding sequence variation, due to functional constraints imposed on proteins by their many roles. However, it is also clear that both coding and regulatory changes underlie cases of morphological variation, and the relative contribution of each type of change is an area of debate (20, 22, 23) . Here, a high degree of mechanistic insight into vertebral column patterning provided by this and previous studies reveals how a specific cis-regulatory polymorphism can contribute to the body plan of snakes. 
